Abstract -Melipona scutellaris is an important pollinator in natural and cultured areas from northeastern Brazil. Therefore, the goal of this work was to investigate the genetic diversity and population structure of M. scutellaris within its Bahia range, relating putative geographical influences on population dynamics. A total of 111 colonies from 13 municipalities in Bahia from sea level up to 1,011 m of altitude were sampled. Five species-specific codominant (microsatellites) and ten dominant (ISSR) primers were amplified, yielding from 2 to 13 alleles and 94 bands, respectively. The mean genetic diversity (H e ) was 0.50 for microsatellites and 0.33 for ISSR markers. AMOVA revealed that most of genetic variation is found within localities (82.6 % for microsatellites and 73.6 % for ISSR), and UPGMA and Bayesian analysis revealed the formation of two genetic groups related to altitude. Therefore, conservation strategies should take altitude variation into consideration to assure the genetic integrity of M. scutellaris.
INTRODUCTION
Melipona scutellaris (Latreille) is a stingless bee that inhabits hot and moist forests in northeastern Brazil, being found in the states of Bahia, Alagoas, Ceara, Pernambuco, Paraiba, Sergipe, and Rio Grande do Norte (Camargo and Pedro 2008) . Within this range, this species has been intensively raised because of highquality honey production, the high number of workers in colonies, and a well-established culture methodology.
However, as habitats have undergone severe disturbances caused by deforestation, use of insecticides. and increased crop and pasture areas, the number of natural colonies of M. scutellaris has been decreasing. In this context, studies on the genetic variability and population structure of M. scutellaris may provide important data to support strategies to help its conservation and management. Morphological analysis demonstrated that M. scutellaris from the Bahia state could be clustered into three groups, related to the altitude of the sampling site (Nunes et al. 2007 ). According to these authors, the altitude might act as a geographic barrier to gene flow among populations. Carvalho-Zilse et al. (2009) analyzed populations of M. scutellaris from bee keepers in the Brazilian states of Pernambuco, Alagoas, Sergipe, and Bahia, and found an absence of genetic structure among populations, with higher genetic variability within groups than among them. This result was related to the intense activity of bee keepers who commonly exchange colonies.
To verify the levels of population structure and variability of M. scutellaris and their putative relationship with altitude range, genetic studies using species-specific microsatellite and ISSR markers were carried out in samples of this species from different regions of Bahia state.
MATERIALS AND METHODS

Biological material and DNA extraction
A total of 111 adult workers (1 per colony) of Melipona scutellaris were obtained from beekeepers, who maintained colonies in their homes, farms, meliponaries, and forests, from 13 locations in the Brazilian state of Bahia (Table I ; Figure 1 ). Genomic DNA from the head and mesothorax was extracted according to Fernandes-Salomão et al. (2005) .
Microsatellites markers
The DNA fragments were amplified using five microsatellites primers specifically designed for M. scutellaris. The PCRs were carried out with 10 ng of genomic DNA, 1× buffer, 0.2 M of each primer, 0.1 mM of each dNTP, 1.5 mM MgCl 2 , and 1U de Taq polimerase ( Go Taq Promega). Each forward primer was labeled with fluorescence 6-FAM (6-carboxy-fluorescein), HEX (hexacloro-6-carboxy-fluorescein) or NED (fluorescein benzoxanthene) (Table II) . Amplifications were performed at an initial denaturation step of 94°C/4 min, followed by 40 cycles of 93°C/40s, specific annealing temperature of each primer/50s, and elongation step 72°C/40s. Subsequently it was performed a final extension of 72°C/5 min. PCR products were submitted for a capillary electrophoresis in an ABI 3100 genetic analyzer (Applied Biosystems). Allelic sizes were scored with the addition of 1 μL of freshly prepared ROX-labeled size standard (Brondani and Grattapaglia 2001) and the allele calling was performed using the GeneScan and Genotyper software (Applied Biosystems). NS Sampled number of colonies analyzed using SSR, NI sampled number of colonies analyzed using ISSR Genetic variability in Melipona scutellaris
ISSR markers
The amplifications by ten ISSR primers (Table II) were carried out with 10 ng of genomic DNA, 1× buffer, 1.5 mM MgCl 2 , 1U Taq polymerase (Biotools), 2.5 mM of each dNTP, and 0.10 μM of a single primer. Amplification reactions encompassed a first denaturation at 94ºC/3 min, followed by 40 cycles at 92ºC/1 min, 53ºC/2 min, 72ºC/ 2 min and a final extension step at 72ºC/7 min. All reactions included a negative control containing all PCR components but DNA and a positive control to confrim the reproducibility of bands. Afterwards, the amplification products were run by electrophoresis in 1.2 % agarose gel immersed in TBE 1× (Tris-Borate 90 mM, EDTA 1 mM; pH 8.0). The bands were visualized and photodocumented using L-Pix EX system (Loccus Biotechnology).
Statistical analysis
For the microsatellites markers, the program TFPGA v.1.3 (Yeah et al. 1999 ) was used to calculate the following estimators of genetic diversity: allele frequency, mean allele number/locus (A), expected (H e ) and observed (H o ) heterozygosities, genetic distance among samples (Nei 1978) , UPGMA cluster analysis and F statistics (Wright 1978) . The cutting point in the grouping was defined based on the mean value of genetic distances. The analysis of molecular variance (AMOVA) partitioned in two hierarchical levels (within and among localities) (Excoffier et al. 1992 ) was carried out using the software GENES (Cruz 2012 ). Bayesian grouping model was determined by the software STRUCTURE v.2.3.3 (Falush et al. 2007 ) based on a probabilistic model in which the individuals are included in their respective populations according to their allele Genetic variability in Melipona scutellaris frequencies. In this analysis, the number of K populations (where K value is unknown) ranged from 1 to 11 with 10 runs in each K. A burn-in of 50 5 iterations and 10 5 MCMC (Markov chain Monte Carlo) iterations were used, assuming admixture and independent allele frequencies. The results from STRUCTURE were analyzed via STRUCTURE HARVESTER Web v.0.6.9 according to Evanno et al. (2005) to determine the number of groups.
In the case of ISSR loci, the software TFPGA v.1.3 (Yeah et al. 1999 ) was used to calculate the genetic diversity (H e ), the percentage of polymorphic loci, and UPGMA grouping. AMOVA (Excoffier et al. 1992) partitioned in two hierarchical levels (within and among localities), the structure index (Φ ST ), genetic distance matrix and Mantel's test were obtained using ARLEQUIN 3.5 (Schneider et al. 2000) , and the reliability of the data was tested by 1,000 bootstrap replications. The Bayesian analysis of genetic diversity (H B ) and population structure (Φ B ) was obtained using the software HICKORY 1.1 (Holsinger et al. 2002) . The matrix of geographical distance was generated and plotted using DIVA-GIS 7.5 (Hijmans et al. 2001 ). In the cluster analysis using STRUCTURE v.2.3.3 (Falush et al. 2007 ), the parameters were: K from 1 to 12 with 20 runs for each k, burn-in of 10 4 iterations, followed by 10 4 MCMC iterations assuming correlated allele frequencies and admixture model. These results were analyzed using STRUCTURE HARVESTER Web v.0.6.9 (Evanno et al. 2005 ).
RESULTS
Polymorphism and population variability
In the five microsatellite loci analyzed in this study, the number of alleles ranged from 2 (Mscut3) to 13 (Mscut18) (mean: 6.2) ( Table II) . The allelic frequency observed in these loci can be seen in Table III . Private alleles were found in samples from Camaçari (Mscut18/J and Mscut22/ C), Catú (Mscut13/B), Maracás (Mscut14/A), and Mundo Novo (Mscut13/C, I and Mscut18/A). Genotype frequencies showed that individual samples were in Hardy-Weinberg equilibrium (P<0.05) for most of the studied loci (Table III) .
The expected (H e ) and observed heterozygosities (H o ) among samples ranged from 0.32 to 0.69 (mean: 0.50) and from 0.27 to 0.70 (mean: 0.47), respectively.
The ten ISSR primers yielded 94 bands, with 77.65 % of polymorphic loci (polymorphism criterion of 99 %). The mean number of bands per primer was 9.4. The primer UBC-888 produced the highest number of fragments (13), while UBC-857 resulted in the lowest fragment number (6). Unbiased genetic diversity (H e ) (Nei 1978) , assuming Hardy-Weinberg equilibrium was 0.33 and genetic diversity (H B ) was 0.30.
Genetic structure
Considering the microsatellites markers, the genetic distances among samples ranged from 0.044 (Camaçari and Pojuca) to 0.702 (Camaçari and Andaraí), determining the formation of two groups in the cluster analysis. Based on the defined cutting point in the dendrogram, the first group comprised the samples located at low altitudes (36-220 m), near Salvador and the Recôncavo region (Cruz das Almas). The second group included the samples from inner parts of Bahia state situated at medium to high altitudes. Within this latter group, two subgroups could be noted, one formed by samples from altitudes ranging from 368 to 500 m, and the other with samples from higher altitudes (558-1,011 m) (Figure 2a) . The high F ST value found (0.22) corroborates this genetic differentiation among samples from low and medium/high altitudes.
The UGPMA grouping based on ISSR markers resulted essentially in the same two clusters (Figure 2c ). The first one encompassed the colonies from central-northern (Ruy Barbosa, Morro do Chapéu, and Mundo Novo) and central-southern (Andaraí, Lafaiete Coutinho, Lajedo do Tabocal, Maracás, and Amargosa) regions in Bahia, ranging from 368 to 1,011 m of altitude. The second cluster, in turn, included the populations nearby Salvador (Catú, Itanagra, Camaçari, and Pojuca), from 36 to 100 m above sea level. However, the bootstrap values found were low and require further sampling within colonies of M. scutellaris.
For both molecular markers, the value of k=2, defined from the highest peak in the modal value, obtained in Bayesian analysis via STRUCTURE Table I .
Genetic variability in Melipona scutellaris
HARVESTER Web (Figure 2b, d) confirms the results from UPGMA. Mantel's test showed significativa association between geographic distance and dissimilarity values (r=0.17, P<0.001). Two-hierarchical AMOVA showed that 17.4 % of the total genetic variation estimated from microsatellites was among samples, whereas 82.6 % was due to intrapopulational variation. Similarly, a higher percentage of variation (73.6 %) was observed within samples by ISSR markers (Table IV) . The AMOVA, Φ ST (0.264, P<0.001) and the genetic structure based on Bayesian analysis (θ B =0.30) confirmed the genetic differentiation.
DISCUSSION
In this study, both dominant (ISSR) and codominant (microsatellites) markers yielded similar results of low levels of genetic diversity (H e =0.33 and 0.50, respectively). Several authors have reported reduced genetic variation in other stingless bee species using species-specific microsatellite primers. For instance, Lopes et al. (2010) observed H e =0.43 for M. rufiventris and H e =0.38 for M. mondury.
The low genetic variability of hymenopterans, particularly in Meliponini, is associated with genetic, biological, and environmental aspects, such as the mating system in which a queen mates with a single male (Strassmann 2001) , small effective size (Graur 1985) , swarming strategies (new colonies are established closed to mother colony) that favor inbreeding, and limited dispersal of species (Nogueira-Neto 1954) . These traits are intensified in fragmented landscapes that also restrain the bees' dispersal and nesting abilities (Lopes et al. 2010 ).
In agreement with the abovementioned inferences, AMOVA revealed a reduced gene flow among studied populations in as much as the higher percentage of variation was found within samples (82.6 % for microsatellites and 73.6 % for ISSR) than among samples. Moreover, the presence of exclusive alleles in populations from Camaçari (Mscut18/J and Mscut22/C) and Mundo Novo (Mscut13/C, I and Mscut18/A) reinforce the interpopulation structure.
Similarly, the allele distribution among populations shows that M.scutellaris is genetically structured. For example, the allele A from locus Mscu14 and alleles C and H from locus Mscut13 were exclusively present in samples from medium to high altitudes (227-1,100 m). On the other hand, the allele B from locus Mscut13 and alleles J and C from locus Mscut22 were detected only in low altitude samples (36-220 m).
The genetic structure index (Φ ST : 0.528 for microsatellites, 0.264 and θ B =0.30 for ISSR; P< 0.001), Bayesian analysis using STRUCTURE (K = 2), and UPGMA showed a remarkable genetic structure, separating the samples in two large groups. The first group comprised the colonies from 36 to 220 m and the second cluster was composed of samples from 368 to 1,100 m above sea level. Such a division is similar to the grouping reported by Nunes et al. (2007) based on morphometric data in M. scutellaris.
Mantel's test showed a positive and significant correlation (r=0.17, P<0.001) between geographic and genetic distances, i.e., the more distant the samples are located, the higher their genetic differentiation. The highest value of genetic distance (0.702) was observed between Camaçari (coastal region) and Andaraí (countryside of Bahia), while Under this perspective, the municipalities at coastal regions are characterized by a humid to subhumid weather, with mean temperatures from 19 to 25ºC and high annual rainfall index, up to 2,001 mm/year. Inversely, the localities within middle to high altitudes are in semiarid region with subhumid to dry climate, mean temperature of 20-26º C and rainfall lower than 1,200 mm/year (SEI 2007; Alves et al. 2012) . In fact, the differential temperature, humidity, rainfall, and levels of secondary compounds along altitude gradients might influence the distribution of organisms, mainly insects (Carneiro et al. 1995) .
Therefore, evaluating the genetic structure of M. scutellaris populations within different altitudes and environmental conditions is essential for defining effective management and conservation policies, once genetically differentiated populations have been reported.
